The life-cycle of a commercial building includes: raw materials acquisition and manufacturing, construction, use, maintenance, and end-of-life. To date, environmental research has focused on the energy use, environmental emissions, and waste generation associated with creating building materials and operation during the building use phase. Environmental effects of construction, maintenance, and end-of-life phases were either ignored or assumed to be insignificant. To truly understand the environmental impact of a commercial building, the environmental effects from all life-cycle phases should be known. Impacts of concern include energy use, greenhouse gas emissions (CO 2 , CH 4 , N 2 O), related emissions (CO, NO 2 , SO 2 , VOC, HC), water consumption, waste generation, particulate matter emissions, and heavy metal discharges. To respond to the need for a tool to evaluate the environmental effects of the construction phase of commercial buildings, the Construction Environmental Decision Support Tool (CEDST) was created. CEDST allows designers and contractors to estimate the energy use, environmental emissions, and waste generation associated with the construction of commercial buildings. The categories evaluated include: manufacturing of temporary materials, transportation of equipment and materials, equipment use, and waste generation. To show how contractors can use CEDST to help reduce their energy use and environmental emissions, an analysis is performed to compare the energy use and environmental emissions resulting from the use of alternate construction materials and methods for cast-in-place concrete formwork.
INTRODUCTION
The environmental effects of the built environment have increasingly become a concern for owners, designers, and users. For commercial building structures, environmental research has focused on the energy use, environmental emissions, and waste generation associated with creating building materials and operation during the building use phase (e.g., BEES) (BEES 1 2002). A green scoring system for commercial buildings has also appeared (LEED) (U.S. Green Building Council 2004) . A commercial building impacts the environment throughout its life cycle (raw materials acquisition and manufacturing, construction, use, maintenance, and end-of-life). However, most research has either ignored the environmental effects of construction, maintenance, and end-of-life phases or assumed them to be insignificant. A life-cycle analysis of energy use and greenhouse gas emissions for wood, steel, and concrete structural building frames excluded the effects of the end-of-life phase (Canadian Wood 1997 , Cole 1999 . Most of the construction and demolition activities were left out of a European environmental life-cycle study of building frame structures (Björklund et al. 1996) . To truly understand the environmental impact of a commercial building, the environmental effects from all life-cycle phases should be known.
The construction phase of a commercial building has the potential for significant environmental impacts: heavy (often diesel) equipment use, temporary (those that do not become a part of the permanent structure) and consumable material use, and waste generation. Instead of ignoring the environmental effects of the construction phase, the Construction Environmental Decision Support Tool (CEDST) was created to help evaluate the effects of this major part of a building's life cycle. The CEDST allows designers and contractors to estimate the energy use, environmental emissions, and waste generation associated with the construction of commercial buildings. Information about construction phase environmental effects can be used by a contractor to improve performance or by designers and environmental consultants as the construction phase input into an overall lifecycle analysis of a commercial building. The CEDST brings us one step closer to having a complete environmental assessment of a commercial building. This paper introduces the methodology and design used in creating the CEDST. An analysis is performed to compare the energy use, environmental emissions, and waste resulting from the use of alternate construction materials and methods for cast-in-place concrete formwork. This provides an example of how a contractor can use CEDST to help reduce their energy use and environmental emissions on the job site.
METHODOLOGY
This environmental analysis is concerned with the environmental effects associated with a commercial building. When hearing this, what first comes to mind is the energy use during building operation as well as the emissions associated with the creation of the different materials used in the permanent structure. Although they can be significant, these are not the only sources of energy use, environmental emissions, and waste associated with a commercial building. There are environmental effects resulting from each of the life-cycle phases of a commercial building, and therefore an accurate picture (and useful comparisons) can only be obtained if all contributors are known. Impacts of concern include energy use, greenhouse gas emissions (CO 2 , CH 4 , N 2 O), related emissions (CO, NO 2 , SO 2 , VOC, HC), water consumption, waste generation, particulate matter emissions, and heavy metal discharges. Life-cycle assessment (LCA) was chosen because its goal is to evaluate the environmental effects of all life cycle phases. Since construction phase environmental effects have generally been excluded from existing LCAs for commercial buildings, the CEDST was created to fill that gap. Two methods of LCA have been used in creating the CEDST: process-based LCA and economic input-output analysis-based LCA (EIO-LCA).
PROCESS-BASED LCA
Process-based LCA models the different activities associated with a product or service using process flow diagrams (Curran 1996) . For each activity, these diagrams identify major material and energy inputs as well as waste outputs. This information can then be used to estimate the impacts on humans, flora, and fauna. Those activities with the greatest impacts are candidates for improvement efforts. The time and cost associated with the amount of data collection required to achieve this level of detail for a unique product can be excessive. In order to perform a process-based LCA, often boundaries are set to identify what activities will be included in the analysis. Usually supply-chain activities tend to be left out of the analysis (Suh et al. 2004 ).
EIO-LCA
EIO-LCA's goal is to account for all of the environmental and economic effects of a product, service or system, both directly and in the product's supply chain. This is done by using a general equilibrium, economy-wide approach based on U.S. economic input-output data and resource input and environmental output information to quantify both direct and supply-chain effects , EIO-LCA 2003 . Currently, EIO-LCA uses the most recent complete U.S. economic input-output tables from 1997, and is a web-based, free analysis tool (www.eiolca.net).
HYBRID APPROACH
Process-based LCA provides analysis of direct environmental effects (within a set boundary) using unique, product-specific data. EIO-LCA provides both direct and supply-chain impacts for most products and services using average U.S. national data. They can be joined in a hybrid approach to get the best of both worlds: product-specific direct impacts with national average supply-chain impacts. Used together, they can provide a sense of the total life-cycle environmental effects of a building.
CEDST DESIGN
The CEDST has been created to identify and quantify the energy use, environmental emissions, and wastes associated with the construction phase of commercial buildings. This information can be used as the construction phase input to an overall LCA of a commercial building as shown in Figure 1 . The categories evaluated for the construction phase include: manufacturing of temporary and consumable materials, transportation of equipment and materials (both temporary and permanent), equipment use, and waste generation. An example of temporary material is formwork and a consumable material is concrete curing compound. In a hybrid LCA approach, EIO-LCA is used to determine the effects of temporary materials while process-based LCA is used for transportation effects, equipment use, and waste generation. The CEDST does not include the effects of permanent materials, building use and maintenance, or building demolition which are included in the analysis of the other life-cycle phases for a commercial building. The CEDST was designed to be used during building design to evaluate and compare designs, and during construction to compare alternative installation processes. This is done in a transparent way, allowing the user to follow every step of the analysis. Materials, equipment, and processes used are based on typical U.S. construction industry practices. It is currently able to evaluate the environmental effects of constructing structural steel and castin-place concrete building frames. This was an ideal place to start because structural frames are common to all commercial buildings. Upon further development, the CEDST will be used to evaluate the entire building (including other types of structural frames). Figure 2 shows the structure of the CEDST which consists of multiple worksheets in an MS Excel workbook. The User Input worksheets require the user to supply data on project location, temporary material quantities, temporary and permanent material transportation modes and distances, temporary and permanent material waste, construction equipment characteristics and construction equipment use. Data entry items for the CEDST were identified through the creation of detailed process diagrams for both structural steel and castin-place concrete structural frame construction Horvath 2003a, Guggemos 2003) . Temporary and consumable materials included in the CEDST are: cardboard, curing compound, oil/lubricants, steel, water, and wood. Data for the transportation of construction materials, transportation of construction equipment, and the equipment used during construction are shown in Table 1 . The materials that are tracked for waste generation include cardboard, concrete, fireproofing, grout, paint, steel, and wood. The tool strives to be comprehensive, and is able to accommodate user updates and additions. As the CEDST expands to cover more than just structural frames, additional temporary and consumable materials and equipment will be included.
STRUCTURE
The Reference data worksheets provide energy use and emissions data for the manufacturing of temporary construction materials, transportation of temporary and permanent materials and equipment, and use of equipment in the construction process. The Equipment Pool worksheet provides the user with the performance characteristics of typical pieces of construction equipment. The materials impacts worksheet provides the energy use and emissions data for each of the temporary or consumable materials (data are obtained from [EIO-LCA 2003] ). The transportation impacts worksheet provides the energy use and emissions data due to the transportation of materials and equipment to and from the job site (IPCC 1996 , U.S. EPA 1996 , OECD 1997 , U.S. EPA 2000 . The equipment use impacts worksheet identifies the energy use and emissions data due to equipment use at the steel fabrication shop and job site (U.S. DOE 1994, U.S. EPA 1995a, U.S. EPA 1995b, U.S. EPA 1996, U.S. EPA 1998, Kura et al. 2000 , U.S. EPA 2002 , Monterey County 2003 . The Results worksheets provide numerical and graphical displays of environmental effects of the given construction processes. Project-specific user-input data are used in conjunction with the provided materials, transport, and equipment use impact data to calculate emissions. The emissions calculations worksheet shows the calculations for each material, transport vehicle, and piece of construction equipment. This detailed information allows the user to identify the largest contributors to each emissions category. The project impacts worksheet provides a summary of the environmental effects broken down into several categories: temporary materials, materials transport, equipment transport, equipment use, and waste generation. Finally, the graph results worksheet provides emissions data summarized by temporary materials, materials transport, equipment transport, and equipment use. Graphs are provided for the summary categories as well as for the individual effects currently obtainable: energy use, and emissions of CO 2 , CO, NO 2 , PM 10 , SO 2 , HC, VOC, Cr(VI), Ni, Cr, and Mn. The user is able to add other emission factors to the tool.
USERS
The CEDST has been designed to be used by environmental consultants, designers, and contractors. Environmental consultants can use the results of the CEDST to provide the construction phase input to an overall commercial building LCA. Designers can use the CEDST to compare design alternatives such as material substitutions. Contractors can use the CEDST to compare the environmental effects of alternative construction methods or processes for a given design. The output of the CEDST also allows users to identify on which areas to focus improvement efforts.
CURRENT APPLICATIONS
Currently the CEDST is available to evaluate two of the most common structural frame types for commercial buildings: structural steel and cast-in-place concrete. An earlier environmental analysis of commercial building structures using CEDST was performed that compared two five-story buildings that were identical except that one had a structural steel frame while the other had a cast-in-place concrete structural frame (Guggemos and Horvath 2003b) . The study found that temporary materials accounted for less than 2% of the energy use and environmental emissions for the structural steel building frame construction. For the same size building constructed using a cast-in-place concrete frame, the temporary materials accounted for 20% of energy use, 28% of CO emissions, 12% of NO 2 emissions, 37% of PM 10 emissions, 34% of SO 2 emissions, and 19% of CO 2 emissions. The temporary materials for the concrete frame primarily consisted of plywood formwork that could be reused three times, form release agents, and shoring.
CASE STUDY
To highlight how the CEDST can be used by contractors, an analysis was performed comparing different types of formwork for constructing a new concrete building frame. A contractor may have little or no control over the permanent building materials (e.g., the choice of concrete or structural steel frame) but they do have control over the construction methods used. CEDST allows the contractor to evaluate the energy use and environmental emissions associated with different construction methods. The case study compares the use of all wood formwork to replacing much of the forms with steel forming systems. The structural frame analyzed is for a 4,400 m 2 five-story building. The design is based on a similar five-story frame design by Gupta and Moss (1993) which includes reinforced concrete columns, beams, shear walls, and slabs.
DATA INPUT
The following areas are included in the construction phase analysis: temporary materials, transportation of materials and equipment, equipment operation, and waste generation. One building frame is assumed to be constructed with all wood formwork. The forms are assumed to be used three times. Two floors worth of steel shoring are used to support the floor slab forms. Form release oil is used on the plywood sheeting prior to concrete placement. The second case is the same as the first except that much of the wood formwork is replaced with a steel form system. Sheeting, wales, and bracing remain as wood. The steel forms are assumed to have 100 uses. Temporary materials for the two construction methods are shown in Table  2 . Materials (permanent and temporary) must be delivered to the site while rental materials and waste (in debris boxes) must be removed from the site. The estimated one-way transportation distances and material masses assumed for the building materials are shown in Table 3 . It is assumed that the delivery trucks return to the manufacturer empty so both the delivery and return trip impacts are attributed to the construction phase. Three types of trucks are assumed to be used: a concrete mixer, a small capacity truck, and a large capacity truck. The truck properties shown in Table 4 are needed to calculate the energy use and emissions of the vehicles. Data for equipment use to construct the building frame is shown in Table 5 . The duration of use is estimated from the R.S. Means catalog (1999) . The only other difference between the two construction phases is that there is less power saw use with the second case since the bulk of the forms does not need to be constructed on site. The data are entered by the user into the CEDST which automatically calculates the environmental effects of the two cases.
RESULTS
The results for the construction of the concrete building frame are shown in Table 6 . Just replacing some of the wood formwork with a steel form system reduced energy use, waste, and environmental emissions in all categories studied. 
DISCUSSION
If the contractor has a choice of formwork systems, he can take this information in conjunction with cost information to make a decision about what type of formwork to use. If the building owner is aiming for a LEED certification, then possible credit may be given for using a more environmentally sound construction method. This claim can be supported by the results provided by the CEDST.
CONCLUSIONS
The CEDST can be used to evaluate the construction phase environmental effects of constructing a commercial building. This can be used to compare different construction methods or used as the construction phase input to an overall LCA. The CEDST can be used to show that there is more to green construction than just recycling construction waste. The choice of construction methods and equipment can have a significant effect on the construction phase environmental emissions of a commercial building. Currently, the CEDST is limited to the evaluation of concrete and structural steel building frames. Future versions of the CEDST will be expanded to include additional building elements and construction methods. This will require the addition of more equipment (such as excavators, backhoes, pavers) and more temporary and consumable materials (such as temporary heating and lighting, fencing, tarps, and mastics) to the tool. The next elements to focus on are equipment-heavy (such as site work) or critical to building energy consumption (such as roofing or HVAC systems).
In addition to expanding the coverage of the CEDST, a cost component will be added. This will enable the user to make design or construction method decisions based on both lifecycle costs and life-cycle environmental effects. Environmentally preferable decisions are more likely to be made if they have accompanying cost savings.
